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Abstract 



Hard processes at the TeV scale exhibit enhanced (double log) EW corrections even for inclusive 
observables, leading to violation of the Bloch-Nordsieck theorem. This effect, previously related to 
the non abelian nature of free EW charges in the initial state (e~e + , e~p, pp ...), is here investigated 
for fermion initiated hard processes and to all orders in EW couplings. We find that the effect 
is important, especially for lepton initiated processes, producing weak effects that in some cases 
compete in magnitude with the strong ones. We show that this (double log) BN violating effect 
has a universal energy dependence, related to the Sudakov form factor in the adjoint representation. 
The role of this form factor is to suppress cross section differences within a weak isospin doublet, so 
that at very large energy the cross sections for left-handed eZectron-positron and newirmo-positron 
scattering become equal. Finally, we briefly discuss the phenomenological relevance of our results 
for future colliders. 



1 Introduction 



Enhanced electroweak corrections at the TeV scale have been recently investigated by various authors Q-g 
starting from the observation, made by two of us Q, that double and single logarithms of Sudakov type are 
present and sizeable in fixed angle fermion antifcrmion annihilation processes at NLC energies. These effects 
produce, namely, energy-growing corrections oc a^log 2 j^, the weak scale M ~ 90 GeV providing a physical 
cutoff for infrared and collinear divergences. 

In a recent paper Q we have pointed out a different but related effect, which is peculiar of electroweak 
interactions. Due to the non abelian nature of electroweak charges in the initial state, the double logs persist at 
inclusive level, thus leading to violation of the Bloch-Nordsieck theorem j?J , in the sense that the dependence 
on the IR cutoff M is not washed out when summing real and virtual corrections, as is usually the case. 
The peculiar aspect which makes such double logs observable is symmetry breaking itself, which generates the 
physical cutoff M on one hand, and allows the preparation of initial states as free abelian charges on the other^]. 
In fact, the BN theorem is in principle violated in QCD also Jsfl-fl^, but in such case confinement forces a color 
averaging in the initial state, which washes out the effect eventually. The "preconfinement" features, pointed 
out at various stages ]Tl] , [l3| mean that free quark asymptotic states make no sense, even at perturbative level, 
because of form factors analogous to the ones discussed here. The situation is different of course in the EW 
case: the analogous of color averaging would mean for instance averaging over the cross sections for ue + and 
e~e + ; this is meaningless from an experimental point of view. 

In this paper we investigate the structure of double log EW corrections to all orders for light fermion initiated 
hard processes, and we characterize them by a universal energy dependence, related to the EW Sudakov form 
factor in the adjoint representation. The core of such analysis is provided by two lines of thought. One, 
explained in Sec. 3, is based on the observation that only W contributions are BN violating, the Z and 7 ones 
being canceled between virtual and real emission terms. The energy dependence is then universal because the 
W couples universally to left handed fermions and can be calculated to all orders by a simple Feynman diagram 
technique. 

The other line of thought, explained in Sec. 5 following the coherent state formalism of Sec. 4, is based on the 
isospin structure of the overlap matrix, describing the squared matrix element. With a proper choice of indices, 
the singlet projection provides the isospin average (i.e. for instance o ve + + <7 e - e +), and the vector projection 
the cross sections difference (i.e. <j ve + — a e - e +). Only the latter is suppressed by a Sudakov form factor, which 
refers to the adjoint representation, and is thus universal. The latter approach is made completely rigorous by 
the use of the general coherent state formalism ju], [l5| introduced for cancellation theorems in Sec. 2, and by 
the important observation that the photon scale plays no role for the (inclusive) BN violating terms. This fact 
follows from the explicit cancellation of Z and 7 contributions found by the diagrammatic approach, so that 
the effect starts, and the symmetry is effectively restored at, the same W threshold M. 

Applications to physical processes are analyzed in Sec. 6 and discussed in Sec. 7. We limit ourselves to lepton 
and/or quark large angle scattering as trigger process and we classify the results according to the initial state, 
which is provided by the accelerator. Important corrections are found, especially for lepton initiated processes, 
as in the case of ee (NLC) or ep and ep. Roughly speaking, we find in this case a 50 percent reduction in 
hadron beams compared to lepton beams, mostly due to the hadrons acting as weak isospin mixtures in the 
initial state. Another important feature is the strong dependence of the BN violating effects on the polarization 
of the colliding beams, of particular relevance for NLCs M. 



2 Cancellation theorems and Bloch-Nordsieck violation 

We consider the structure of soft interactions accompanying a hard SM process, of type 

(II I Ii r F F F F F Fi /i\ 

*For instance, an electron is prepared at low energy -C M as an abelian (QED) charge. As it is accelerated at energies ^s> M, 
its charge acquires a fully nonabelian character. 
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where a,p denote isospin/color and momentum indices of the initial and final states, that we collectively denote 
by {aipi} and {a F p F }. The S matrix for such a process can be written as an operator in the soft Hilbert space 
Tls-, that collects the states which are almost degenerate with the hard ones, in the form 

S=U^ F (a s ,al) S$ pf3l (p F , Pl ) Ui if3i (a s ,al) (2) 

where U F and U 1 are operator functionals of the soft emission operators a s , a J . 

Eq. (H) is supposed to be of general validity [|l7], [ll| , because it rests essentially on the separation of long- 
time interactions (the initial and final ones described by the Ws), and the short-time hard interaction, described 
by S H . The real problem is to find the form of the Ws , which is well known in QED [Q, has been widely 
investigated in QCD [^5j, and is under debate in the electroweak case -||. Their only general property is 
unitarity in the soft Hilbert space Tts, i.e. 

Uo,pUp al = UlpUf3 a > — S aa > (3) 

The key cancellation theorem satisfied by Eq. (H) is due to Lee, Nauenberg and Kinoshita fisfl , and states 
that soft singularities cancel upon summation over initial and final soft states which are degenerate with the 
hard ones: 

/eA( PF ) 

£ |(/|^)| 2 = Trji^ S H ^U F S H U r ) = Tr ai (S H ^(p F , Pl )S H (p F , Pl )) (4) 

where A(pj,p F ) denote the sets of such soft states, and we have used the unitarity property (^|). 

Although general, the KLN theorem is hardly of direct use, because it involves the sum over the initial 
degenerate set, which is not available experimentally. In the QED case, however, there is only an abelian charge 
index, so that Ui commutes with S Hjf S H , and cancels out by sum over the final degenerate set only. This is 
the BN theorem: observables which are inclusive over soft final states are infrared safe. 

If the theory is non abelian, like QCD or the electroweak one under consideration, the BN theorem is 
generally violated, because the initial state interaction is not canceled, i.e., by working in color space, 

J2 \(f\S\i)\ 2 = S <0|^; /3 ,(^t 5 %^ ia7 |0) s = (5 H t5% ia/ +Aa aj (5) 

/£A(pf) 

where the ai indices are not summed over, and Aa ai is, in general, nonvanishing and IR singular. 
Fortunately, in QCD the BN cancellation is essentially recovered because of two features: (i) the need of initial 
color averaging, because hadrons are colorless, and (ii) the commutativity of the leading order coherent state 
operators (U l ) for any given color indices 

U l =U\a 8 -a\) , [U l af3 ,U l a , p ,}=0 (6) 

We obtain therefore 

J2 UI^S")^^ - E ^S H ) m U l 0iai U l U = Tr color S^S H (7) 

color color 

thus recovering an infrared safe result (for subleading features, see Refs. [l^, [H]]). 

In the electroweak case, in which M provides the physical infrared cutoff, there is no way out, because the 
initial state is prepared with a fixed non abelian charge. Therefore Eq. (||) applies, and double log corrections 
~ aw log 2 -jgs- must affect any observable associated with a hard process, even the ones which are inclusive over 
final soft bosons. This fact is surprising, because one would expect such observables to depend only on energy 
and on running couplings, while the double logs represent an explicit M (infrared cutoff) dependence. 
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3 Lowest order calculation and picture of higher orders 

In order to compute the uncanceled double logs, we first notice that, according to Eq. (|5|), only initial state 
interactions need to be taken into account. Here we give a diagrammatic account of the calculations, by 
considering EW corrections to the overlap matrix Or = S h Sh, in which soft bosonic lines are emitted and/or 
absorbed on initial lines only. In the following sections we shall give a more rigorous treatment, based on the 
coherent state approach that we have introduced previously. 

We start treating the lowest order soft EW contributions to Act = ct — a H for a basic hard process involving 
a hard scale E ^> My/ ~ Mz = M, and two massless fermions. We consider here the case for two L initial 
fermions, both carrying nonabelian isospin (SU(2)) indices; a more general treatment is demanded to section 5. 
Since we only consider inclusive processes, a sum over degenerate final states is understood, and we drop the 
superscript indicating initial states: ct{ — > a*. In isospin space, the hard cross section structure is then defined by 
the so called hard overlap matrix, describing the squared matrix element: (/^/fel^Sff |c*ia2) = (Ofl)ftft,aia2 
(see Fig. 0). While for cross sections we always have o>i = we leave open the possibility that on ^ /3j and 
see Oh as an operator in isospin space with four indices. 

Since pure QED corrections, at energies below M, cancel out automatically as noticed before, we limit 
ourselves to bosonic energies M <C w <C E, for which the gauge bosons j,Z,W have all approximately the 
same momenta, with M acting as the only IR cutoff. This amounts eventually to setting the effective photon 
scale A = M, and neglecting symmetry breaking effects at the inclusive double log level we are working. We 
would like to stress again the fact that this holds only for completely inclusive quantities, while for (partially) 
exclusive observables the presence of a new scale A =/= M is unavoidable and may lead to symmetry breaking 
effects, a topic which is currently under discussion [Q, ||. 

At lowest order, the above assumption is easily verified, because in the hard (Born) matrix element, since we 
work in a limit in which all kinematical invariants are much bigger than gauge bosons masses: |s|, \t\, \u\ 3> M 2 , 
the full gauge symmetry SU(3)<B>SU(2)<£>U(1) is restored. Boson emission and absorption is then described by 
the external (initial) line insertions of the eikonal currents 

= 9i^(t a i t'i) + ^~(t a 2 - #)] 4 = 9'[^-(Yi - Y[) + ^~(Y 2 - YD] (8) 
kpi kp 2 kpi kp 2 

Here a=l,2,3 is the SU(2) index, we work in the unbroken basis Aq = cwl — swZ,Az = s\yA + cwZ, g and 
g' being the usual electroweak couplings with S3L = 3-, The isospin operator tAt'-A acts on the ati (fli) index, 
and so on. The currents (J8j) are conserved (k ■ J = 0) because of charge conservation at Born level: 

i? + tl = t[ a + t' 2 a , Yi + Y 2 = Y{ + K,' (9) 

Since both Y and t% are diagonal matrices, the ^4oj^43 (or "f,Z) contributions to the cross section cancel out 
automatically between virtual and real emission terms (if = t'^ ,Yi — Y(). The W contributions are instead 
provided by: 

2 2 PlP2 , 



(k Pl )(kp 2 ) 



*iM*2-t 2 ) (ti-t 2 = £^) (10) 



where we have kept, for notational convenience, the vanishing A3 contribution, and the charge factor can be 
replaced, because of the conservation (||), by 

(ti - t' x ) ■ (t 2 - t' 2 ) - -(*! - t[) 2 = 2ti ■ t' x -t\- tf (11) 

The latter expression provides the charge computation in the axial gauge, because in this gauge the W emission 
and absorption takes place on the same leg, for both virtual (— 2tf) and real emission (2ti • t[) contributions. 
We can see from Fig. [I] the reason for noncancellation between virtual and real one loop corrections: the crucial 
point is that while 7, Z emission does not change the initial state, W emission does. Then, in the W case 
virtual corrections (Fig. |l|a) are proportional to o~ e s, while real corrections (Fig. |l|b) are of opposite sign but 
proportional to CT„g ^ fee, giving rise to a non complete cancellation. 
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In order to simplify our considerations, let us note that, because of isospin conservation, we must have (see 
©) 

0Ve = C7 eg , Op e =0Ve (12) 

We can therefore limit ourselves to the cross sections a a = a aS where a = u, e is a single isospin index. Since 
real W emission changes the isospin index, while virtual corrections don't, we can summarize the first order 
calculations based on (||) and ( |l0| ) in the form 

Act* = L w (s)[-S af} + (Ti) a/S ]of (13) 

where t% is the customary Pauli matrix, the superscript 1 denotes the order of correction, and 

T f s 9 2 f E d 3 k 2 PlP2 % 2 E 2 g 2 

is the eikonal radiation factor for W exchange. 
From Eq. ( |l3| ) we get in particular: 

Aal=L w ( S )(<jX-a?) = ~Aal (15) 

which was the main result of ||], leading also to Ac* + Act* = 0, i.e., to cancellation upon isospin averaging. 
The insertion mechanism just explained can be iterated to higher orders in the strong ordering region 

M <C w\ <C u>2 "C E, by noticing that the current (||), after cancellation of the 7, Z contributions takes up 

only a W part with only one cutoff (M), which cannot induce symmetry breaking. Since the action of real 
W emission is simply that of interchanging v and e indices, we end up with a two channel problem where the 
energy evolution hamiltonian - derived from eq. (|l^) - commutes at different energies. The outcome is a simple 
exponentiation of the first order result: 



n=0 



Aff2 = {expi w (a)(n-l)}a/9ff" , (16) 



or, by simple algebra, 



—H 1 —H 



-2L w (s) 



(17) 



This means that on average the double logs cancel out (cr eg + ovg = cr e g + tT ^g); while the v-be&m and e-beam 
difference er„g — a eS decreases exponentially with the universal exponent 2Lw(s), and vanishes eventually at 
infinite energy. 

Apart from the important phenomenological implications of Sec. 6, the above results have a nice theoretical 
interpretation in a non abelian framework, which will be illustrated in the following sections. First, the exponent 
2L\y(s) can be related to the form factor in the adjoint representation, which is in fact a typically non abelian 
quantity; because of gauge invariance the exponent is also universal, i.e. the same for any fermion doublet in 



the initial state. A similar relationship was noticed for QCD in |9|, 11 . Furthermore, the asymptotic equality 
of neutrino and electron beam cross sections is related to the idea that in the unbroken limit (M — > 0), 
nonabelian charges are actually not observable as asymptotic states, as already noticed in QCD in connection 
with preconfinement |l3fl and factorization violating contributions pj| . In fact, if there were no symmetry 
breaking (infinite 2Lyy(s)), Eq. ( fl7| ) would imply that any coherent superposition of electron and neutrino 
states is projected by the nonabelian interaction into an incoherent mixture with equal weights. 

In the following sections we shall further elaborate on the heuristic result of Eq. , by providing a more 
general classification, and a proof based on the coherent state operator formalism adopted for the cancellation 
theorems of Sec. 2. 
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4 Leading coherent state operators 



The evaluation of BN violating terms - just pictured in the diagrammatic approach - rests on the separation 
of initial and final state soft interactions, that can be performed on the basis of the time evolution in a given 
reference frame, e.g. the cm. frame of the initial state. This method, first applied by Faddeev and Kulish jl4| 
to QED, has been extended to (unbroken) non abelian theories in Refs. p5| , by constructing the large time 
(asymptotic) Hamiltonian as an infinite series of progressively subleading contributions. 

Here we limit ourselves to describe such analysis at the leading (double log) level. This does not mean that 
subleading contributions are unimportant; it just means that the state of the art in a broken theory is not 
sophisticated enough, at present, to allow confidence in all-order subleading evaluations, even for the inclusive 
quantities that we investigate here. In particular, collinear factorization theorems should be carefully revised, 
partly because of the very presence of the uncanceled double logs that we are computing. 



4.1 Quantum Electrodynamics 

According to Eq. (|J), the process is separated into a hard scattering matrix Sjj, involving the scale E ^ A (A 
is the IR cutoff), and in a soft interaction, described by U 1 and U F , involving photon frequencies w such that 
E ^> w 3> A. In describing the soft interaction, the hard (initial and final) fermions are treated as external 
currents. Thus, the interaction Hamiltonian describing the evolution in the soft Hilbert space TL S is simply: 

H.{t) =Yl ei J d ^Pi (M k ) e ~ liP ' k)t + h - c ) = J dv{h + {v)e~ ivt +h-{vY vt ) (18) 

h+(y) = e i [ d[k]ptA^k)8{ v - pik) (19) 

where d[k] = 2w f (2*1^ : -EiPf — Pi (* = 1) —ni) denote the momenta of the hard particles in the initial (or final) 
state, fc' 1 — (wk,k) is the photon momentum, and A fJi (k) (yl|,(fe)) denote the photon annihilation (creation) 
operators. The "energy transfer" variable v = pik is therefore conjugated to the time variable t in this approach, 
and represents physically the quantity of energy transferred in an elementary vertex. 

The key feature of Eq. (|l^) is the (universal) eikonal coupling of charged hard particles to photons, propor- 
tional to their velocities p^. At amplitude level, this implies the insertion formulas with the eikonal current 



'' kpi 



(20) 



whose non abelian counterpart has been given in Eq. (g). 

The in (out) coherent state operators occurring in Eq. (|^) are obtained from the soft Hamiltonian (|li 
by computing the time-ordered evolution operator before (after) the hard scattering. In the QED case, the 
calculation is simplified by the fact that H s is linear in the A^s, and has therefore c-number commutators at 



non equal times. For instance we obtain, by standard methods 1 14 , the initial state operator 



Ui = £7(0, -oo) 



_ e i<t>c 



exp 



<t> c =2n ( E —[h + {v),h^v)] (21) 
Jx v 



Let us now consider for simplicity the case of an initial state of two particles 1 and 2 with opposite chargesfj] 
and relative velocity v\%- By using the explicit form of the fa's we obtain: 



Uj = U1U2 = exp 



d[k]J^(k)(A^(k) - AUk))=:Ur. exp[ / d[k][J 12 {k)f 



(22) 



^For general charge configurations, a gauge invariant picture requires considering initial and final state operators all together 
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2ui 



Li U 

kpi kp 2 



Since the Coulomb phase 4>c doesn't give physical effects for the processes considered here, we shall drop it 
from now on. 

Note that the operator Uj is factorized in the particle indices i = 1, 2 and is a functional of the combination 
A^(k) — Aj t (k) = iH^k) only. For this reason the currents can be freely added in the exponent, and unitarity 
is trivial. 

A less trivial, but straightforward step is the normal ordering quoted in Eq. (|2^), which emphasizes the 
Sudakov form factor. In the massless limit we obtain 



F 



12 



(0|U"(1)Z7(2)|0) = cxp 



d[k] 



(kpi)(kp 2 ) 



r 01 i 



(23) 



From the same normal ordering formula one can obtain the (Poissonian) properties of soft photon radiation, 
the energy resolution form factors, and so on. 



4.2 Non abelian coherent states 

The asymptotic Hamiltonian has been constructed jl5| in the (unbroken) SU(N) gauge theory also. The dif- 
ficulty, in such case, is that soft bosons can be either primaries (i.e. emitted directly by the fast incoming 
particles) or secondaries (i.e. emitted by the primary ones which have higher energy). If strong ordering in 
energies is assumed, the soft Hamiltonian has nevertheless a simple form, as follows: 



H s (t) 



d[k] 



tlpte-^ 1 + / dWik'fk^e- 1 ^^ A„ a {k) + h.c. 



(24) 



p a (k) = -Al b (k)(T a ) bc A?(k) , (T a ) bc = l f 



hoc 



In Eq. (p4[), the second term in round brackets represents the secondary emission by primary bosons with 
energies ^> Wk, which occurs again through an eikonal vertex = ^— . Because of the assumption of 
energy ordering, we are limiting ourselves to the leading coherent state operators, and we refer to |l5| for the 
subleading contributions. 

At this level of accuracy, we can compute the evolution operator by assuming strong ordering in the energy 
transfers also (for details, see |l^|). By indicating with P u the energy ordering operator (smaller energies act 
first), and by introducing the field Xl^ a (k) = —i(A^ a (k) — A^ a (k)), we obtain 



U a (0, 



^(h+{v)-h-(u)) 




= v s E u\ 
d[kW)— 



Vf = exp 



if) 



d[k] J d[k']p a (k f )—U^ a (k) 



n Aia (fc) 



(25) 



Here we face the problem of explicitating the recursive emission of secondaries. We treat the full path- 
ordered exponential in Eq. (^H|) as a two-potential problem, one of which produces the purely soft operator 
V s , which carries no isospin/color indices, and the other one is computed in the interaction representation of 
the first, and provides the properly called coherent state operator U\, carrying the isospin/color indices of the 
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incoming particles. The result of this procedure is 



U l I = VjU a (0,-oo) = P u exp 



if] 



E/}(0,-ao)V; =P w exp 



-w 



(26) 
(27) 



where P w is the energy anti-ordering operator (bigger energies act first) and where the "dressed" field H"™ a can 
be made more explicit as follows 



iC = v^n, a v s w = (u%) ab (k)n„ b (k) 



(28) 



where (U A ) a b(k) denotes the coherent state operator in the adjoint representation, for a boson wk^, having the 
matrix properties (recall (T a )b c — ifbac) 



U* A = U A 



(29) 



Eq. ( |28D was proved in Ref |lq ], by showing that the l.h.s. and the r.h.s. satisfy the same evolution equation 
in the w variable. 

Eqs. (p6]-p9[) show that non abelian coherent states operators are defined in a quite nonlinear manner. Eq. 
( p6[ ) exponentiates up to energy E the dressed fields II", which in turn are expanded in terms of a coherent 

state at a lower energy w < E by Eq. (p8|), which in turn etc In other words non abelian soft radiation 

is described by a "coherent state of lower energy coherent states" whose structure is obtained recursively by a 
branching process [ p"5| , by now incorporated in some QCD event generators jl9[ ] . 

For our purpose here, the important point is that we are now able to explicitate the soft part of the process 
([j]) as follows 

S = t/J(0, +oo)S ff £/ s (0, -oo) = U l F S K U\ (30) 

Here the operator V s defined in Eq. ( |2q), being purely soft, commutes with Sh and drops out by unitarity, and 
U l F ,U\ are provided by Eqs. (^6|) and (|28|) at leading level. 

The leading operator U l - despite its nonlinearity - is still a functional of the fields II Aia (fe) only, and involves 
therefore only commuting quantities in the Fock space. It follows, therefore, that commutativity for any given 
color indices holds: 

|&4 a ,Z4, Q ,]=0 (31) 
as already used in Sec. 2, and that factorization with respect to the hard particles holds also 



...,»)= U l 0iai (1)< Q2 (2) . . . (n) 



(32) 



Finally, one should note that the coherent state in the adjoint representation regulates the evolution equation 
of t a matrices: 

U E \p)t a U E {p) = {U%) ab {p)t b (33) 

for an arbitrary isospin/color representation of the particle p. In fact, the coherent state operators satisfy the 
Schrodinger-like equation 



d_ 

d~E 



Therefore, by combining the U and W equations, the l.h.s. of Eq. (33) satisfies the equation 

^Tr(U^ E t a U E t d ) - z/ afcc Af Tr(U^ E t c U E t d ) 



(34) 



(35) 



which is the same as the one satisfied by the r.h.s., by direct use of (p4|) in the adjoint representation. 
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4.3 Form factor exponentiation 

The Sudakov (singlet) form factor can be defined similarly to Eq. ( p3|) (with opposite initial charges), for any 
given color representation of particles 1 and 2: 

(0| (U E \2)U E {l)) a0 |0) = 6 a0 F 12 (E, A) (36) 



However, due to the nonlinearity of Eqs. (|26|) and ( |28| ) the normal ordering is no longer straightforward, and 
was worked out by an evolution equation method in Ref . ]l5| . 

Since the energy ordered exponential satisfies the Schrodinger-like equation (HJ), one first computes the 
energy derivative of ([33]), using also definition (^8|), as follows (wk = E) 

TrW^Fu = (0|Tr {u^{2)^ 5 J^t a {U A ) E h {k){A^K) A\ b {K))U E {1)^ |0) (37) 

where Jf 2 = jf^ — Then, one commutes A^b{K) to the right and A^ to the left. Since [A^K), A^^(k)] 
for Wk < E this procedure singles out the upper frequency in U E and yields 

[A^K), U E (1)} = g{U A ) E h ^-t c U E {l) (38) 

Kpi 

with a similar relation involving A^ and p 2 . Finally, by using the unitarity relation 

T,( U AUmUSU^) = S ac (i = 1, 2) (39) 

b 

and tf = Cf (or Ca, depending on the particle's representation) we obtain 

9 ; F 12 (E, A) = ^T^r ( I dn K (J 12 (K)) 2 ) F 12 (E, A) (40) 

.Jwk=E J 



EdE y ' ; 2(2tt) 



F 12 (E, A) = cxp[-^/^ log 2 — ] (41) 



which is the evolution equation for the form factor we were looking for. In the double log approximation, ( |40| ) 
yields 

ff !^iog 2 ^ 2 

16^ 2 & A 2 

as expected. Note that, in the SU(2) isospin case, Ca — 2 and the exponent in Eq. ( pTj ) becomes just 2Lw(s). 

The essential point of this derivation rests on the unitarity relation (p9|) , which means the cancellation of all 
correlation effects due to the nonabelian structure. This leads to Eq. (pQ) , which could be naively derived by 
the "external line insertion rule" for virtual corrections. 



5 Bloch Nordsieck violation to all orders 
5.1 Isospin structure of the hard overlap matrix 

In this section we discuss the general structure of the hard overlap matrix, describing the squared matrix 
element: Oh = S h Sh- We consider the case of a generic process with two partons in the initial state and we 
work in a limit in which all kinematical invariants are much bigger than gauge bosons masses: |s|, \t\, \u\ 3> M 2 . 
Then, the full gauge symmetry SU(3)<g>SU(2)<g)U(l) is restored, and the structure of the overlap matrix in 
isospin space is fixed by the SU(2) symmetry. 

Left particles carry nonabelian SU(2) charges while right particles don't, so we need to consider three cases: 

• when both initial particles are righthanded, and therefore do not carry any nonabelian weak charge nor 
any isospin index, the overlap matrix is simply a number H in isospin space (still depending of course 
on the quantum numbers of the involved particles). 
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• Next possibility is that one particle is left polarized and the other one is right polarized. In this case the 
hard overlap matrix carries two (left) isospin indices Op a . 

• The case of two left initial fcrmions, is of course the most complicated one; the hard overlap matrix carries 
in this case four isospin indices O?^ QiQ2 (see Fig[|). 

While for cross sections we always have aj = /3,;, we leave open the possibility that on ^ and see O h as an 
operator in isospin space. The form of the overlap matrix is severely restricted by the requirement of SU(2) 
symmetry. In the three cases discussed above, we have: 

RR : H = A RL, LR : O" a = B 5 fja LL : O^ 102>aiol2 = CoSp l0tl 8p 20 , 2 + Ci4tp 3aa tp iai (42) 

The last expression, where the indices a±,/3i (and a2,/?2) are grouped together, corresponds to a t-channel 
decomposition in singlet and vector components (see Fig. g). The case where the initial particle on leg 2 is an 
antiparticle, thus belonging to the conjugate representation t* = t T , is correspondingly: 

Of lf 3 2 , aia2 = C 5f} iai 6[} 2Ct2 + Ci 4t° 2/32 t^ iCti (part - antipart) (43) 

Let us consider as an example a generic hard cross section involving a left e~ and a left e + (which we indicate 
with e and e), and v, We have: 

ag = a% cx 0f 141 = Of 2>22 = Co + X (44a) 
a* = a* cx Of 242 = Q* t21 =00-0! (44b) 

5.2 Resummed energy dependence from coherent states 

We now proceed to "dress" the hard matrix element with soft interactions. In the case of right initial particles, 
since weak interactions become purely abelian in this case, it should be clear from the above discussion that no 
BN-violating effect is present. If one particle is L and the other one is R, the dressing by soft interactions is 
described by (||): 

Oa/" SS O aP = s (Q\ut a ,O^ 0/ U ^\O) s (45) 

But then, since by SU(2) symmetry O^g = Bq 8 a g 7 and because of the unitarity property ([5j), also in this case 
no BN violating effect is present and the dressed overlap matrix is equal to the hard one. In the remaining of 
this section we discuss the interesting case of two left initial fermions. As we have seen, the dressing in this case 
is described by a coherent state operator U 1 such that (see Fig. ||): 

°K03,<xiot 3 0{3 lf32:aia2 =s(0|W^ 2 t p^(0 H )j3[l3 2 , a [a' 2 Ui> ia2<ai<a JO}s (46) 

where |0)s is the soft vacuum. At the leading log level, U 1 ^ is factorized (Sec. 4.2) into two leg operators: 

Ul a , a a =U (1 ) U (2)t , part-antipart Ul, a , „ „ = U [ V U ( V part-part (47) 

«x 2' 1 ' 2 (X^ai a 2 a 2 1 a i a 2' 11 2 a^ai a 2 a 2 ^ ^ v ' 

where we take into account that antiparticles live in the conjugate representation, so that in the particle- 
antiparticle case we have — > U^* . Putting together ([l3 46 4?]) we obtain, for the part - antipart case, the 
dressed overlap operator: 

0/3 l/ 3 2 ,a 1 a 2 = C (s)Sg iai 8p 2a2 + Cl(s) 4tg t% g 

(48) 



■fin our notation a particle and its antiparticle share the same isospin index: 1 for u, u and 2 for e, e 
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By using twice Eq. (33) that relates the coherent states in the fundamental representation with the one in the 
adjoint representation, we obtain: 

s(0\(Um^) Piai (U^h^U^) a2P2 \0)s = s (0| (t/fM 13 ) \Q)stl ai t b a2f32 =F A (s,M 2 )tl ai t^ 2 (49) 

\ / ab 

where the definition ( |36| ) of the form factor has been used, so that we obtain: 

C (s) = C C'i(s) = C 1 e' CALw{s) = C x e- 2Lw(s) (50) 

From these expression we obtain the final results for the dressed cross sections (see Fig. ||): 



en = 022 



= C (s) + Ci(s) = C + C ie - 2Lw ^ = 



C12 = (T21 = C (s) - Cx(s) = C - Cie 



-2L w (s) 



(an +cri 2 ) g (an - cr 12 ) H 
2 2 

(ctii+cti 2 ) h (crn - cr 12 ) H _ 



-2L w (s) 



2L w (s) 



2 2 

which reproduce Eq.(fi"7]), and the relative effects in double log approximation: 



Act 

17 

Act 
a 
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_ Q"12 ~ Q\2 
°12 



'12 



'12 



\ _ g-2iiv(s) 



2 _ p^2i w (s) 



(51a) 
(51b) 

(52a) 
(52b) 



An analogous treatment for the part - part case allows one to conclude that Eqns. ( |5l| , p2| ) hold also for this 
case with the obvious replacement Ci — > Cj. These final results are therefore completely general: cth stands for 
any cross section with two incoming particles (or one particle and one antiparticle) with isospin index 1 , which 
means for instance a u p, &uu,ctuu and so on. While in all these cases the expressions for the coefficients Co and 
C\ (or Co and Ci) that describe the hard cross section are of course different in general, the expression for the 
dressed cross sections is always the same and is described by Eqns. (51). 

Notice the appearance, as anticipated, of the adjoint Casimir Ca = 2 in (51). This means that the energy 
dependence of the effect we are discussing is universal, i.e. the same for any fermion doublet in the initial state. 
Note however that the relative effect does depend on the structure of the hard cross sections, as one can see 
from (|52|). We will discuss several cases of phenomenological interest more in detail in Sec. 6. 



6 Applications to simple processes 

We consider inclusive observables associated to a large angle hard scattering process (\s\ ~ \t\ ~ \u\ ^> M 2 ) 
involving massless fermions and antifcrmions in the initial and final states. As we have seen, a BN violating 
effect is present only if there are two nonabelian charges in the initial state. This means that big noncancellations 
are present only with two left fermions in the initial state, while the effect is absent in the RR and RL cases. In 
turn, this implies a strong dependence on the physical polarization of the initial beams: a maximal effect if the 
beams are both polarized L, no effect in all other cases, and somewhere in between for unpolarized beams. This 
is particularly important since one of NLCs features is the possibility of having highly polarized beams |l(| . 

We discuss in this section some cases that we think are/will be phenomenologically relevant for NLCs (Sec. 
6.1), and for electron-hadron (Sec. 6.2) and hadron-hadron (Sec. 6.3) colliders. Given the master formulas (|5l|), 
and since the energy dependence is universal as already noticed, it is clear that only the (tree level) hard cross 
sections need to be discussed. We expect large effects when LL contributions dominate the hard cross section, 
and/or when there is a big difference between 012 and cth (see (pif)). The latter is the case, for instance, in 
pure qq s-channel annihilation where cth is of order a 2 s while CT12 is flavor changing and is thus electroweak 
(Sec. 6.3). Similarly, in e + e~ — * hadrons (Sec. 6.1), the effect is pretty large because this process is dominated 
by L components. 
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6.1 11 — > qq (s-channel) annihilation 

This kind of process is typically relevant for NLC. The Born (hard) amplitude is simply described by an s-channel 
annihilation involving only weak interaction and has the form (a=l,2,3): 

M0 lf 3 2 , ai a 2 ~ g n yYS^ ll32 S aia2 + 9 2 t a p^Xt^ ( 53 ) 

where y (Y) denote the initial lepton (final quark) hypercharges. Expression ( |53| ) is the s-channel analogue 
of the singlet-vector t-channel decomposition ( |42[ ) . By squaring and summing over final states, we obtain the 
overlap matrix t-channel components, as defined in (|42|) , for the case of (initial) L fermions: 

Ci = + \g'Sl E Yl Co L = ^ + E n (54a) 

C? = \g'Sl E n C? = \g'S\ E Yl (54b) 

where G^^ refers to final L(R) quarks. For the case of initial R leptons we obtain: 

K = Sij 9'Yh E Y n A o = % 9' 4 V 2 n E Y l ( 54c ) 



where the factor 5{j in (|54c| ) takes into account that the contribution oc g' 4 is present only for the case of an 
initial particle and its own antiparticle. The sums are over final states hypercharges, namely ^2 Yr — § + \ and 
^2 Y 2 = + for quarks. The unpolarized cross section is then found by putting in the usual phase space 
factor, and by using the resummed energy evolution in Eq. (|50|). We find: 



da tj _ N c N f 



dcos9 1287rs 



(Aq + C* L ± C^e- 2Lw ^)(l + cos0) 2 + (Aq + ± Cf e- 2Lw{s) ){l - cosfl) 2 ! (55) 



where Nt is the number of quark families, N c is the number of colors and the + (-) sign refers to an (012). 

The terms proportional to g lA in Eq. ( pq ) are pretty small, being suppressed by a ^4- — t\y factor. In the 
limit g' — > only L components contribute to the cross section: 



do i0 dazf _ nNcNja^ ( 1 + cos 6 



dcos8 dcosO 32s 

Note that, for instance, do~^ s > da^ s . Therefore, the BN violating corrections increase the physically relevant 
ee cross section, that reaches in the asymptotic limit of very high energy the isospin average. From ( |56| ) we also 
see that in the g' — > limit, angular and energy dependences are factorized. Therefore in this limit the forward- 
backward asymmetry for ee is equal to the tree level value of |. However, the g' A terms are not completely 
negligible, producing a relative correction to Afb of about 1.8 % at 1 TeV, the dependence on energy being 
given by the by now familiar universal behavior. 

From ( [55l ) and taking into account the g' 4 terms also, we obtain the relative effect for for e^L —> hadrons: 



(Tig cr" ? 2 



(^f) L = (^T^) L C-^~ ) « 0.8L w (s) (57) 



The effect for the unpolarized cross section is slightly reduced (we give also the first order QCD corrections): 
a \ EW /a \ Q CD 

V)„ =»- i8I ,,^0?..^ = * (58) 

That is, radiative corrections to e + e _ — > hadrons of weak origin are bigger, at the TeV scale, than strong QCD 
corrections (see Fig. ||) 
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6.2 t - channel scattering 

Here we consider processes in which the Born term is a t-channel scattering diagram involving only weak 
interactions. This involves processes like Iq and Iq scattering where / is a lepton and q a quark. We also discuss 
briefly the case for v^e scattering. The hard cross section is described in this case by the amplitude 

Mf} lf ) 2 , ai a 2 ~ g' 2 yYSf3 iai 5f3 2a2 + g 2 tp iai tp 2a2 (59) 

where y, a\ (Y, a.%) refer to lepton (quark) indices. By squaring and by summing over final states we obtain the 
projections of the overlap matrix for this case: 

Ck = \g 2 W 2 VLY L T g 2 \) Ctf = + g ,4 y 2 L y2 (60a) 

= g'VnYl B L Q = (60b) 

< = 9% 2 bYI (60c) 
This time, differently from Eqns. (p4|-|55|) , the convention is that the upper index is for the initial lepton chirality. 
So Bq indicates an initial state with a R lepton and a L quark, and so on. The upper (lower) sign refers to the 
Iq (Iq) case. 

The energy and angular dependence of the resummed cross section can be found as before: 

da;,, N c . 



dcos9 128 its t 2 



(Aq + C L ± Cf , e- 2iw W)(l + cos6>) 2 + 4B^ + AB^ (61) 



We can neglect the terms cx g' 4 in (^0|) , keeping the terms oc g 2 g' 2 that are suppressed only by a factor ^ = 
and therefore not negligible in general, and thus obtaining: 



dcosO 2s (1 — costf)^ \16 8 2 J 

where the - sign refers to the Iq and the + sign to the Iq case. 

Although the BN violating corrections are regulated by the universal Eqns. (|5|), it should be clear from 
( p2[ ) that their relative effect is dependent on the magnitude of a^ 2 and cr^. In particular, in the case of left 
polarized beams one has: 

^F~2.98L w (s) -0.75 L w (s) ^p~~0ML w (s) ^i~5AL w (s) (63a) 

a eu a ed G eu a e d 

— p- = —P ~ 10.6 L w (s) (63b) 

The magnitude of the effect in the electron- muon antineutrino scattering in (63b) is given by the oc g' 2 g 2 
terms in (|62|). In fact, the cross sections for eu and eun are equal in the g' — > limit. However, the different 
hypercharges for v^,u and the signs in formulas (^,^l]) conspire to produce a particularly small hard cross 
section in the ev a case. 

Considering unpolarized beams, it is interesting to discuss the dependence of the effect on the scattering 
angle. As we can see from Fig. ||, there is no effect for cos# = — 1, the reason being that the LL component 
does not contribute to the cross section in this limit. The effect then increases greatly with the angle. A cutoff 
on the maximum value of cosO is necessary, since we always work in the limit 1 — | cos6>| ^> M 2 /s. 

The physical process proceeds via a proton; then, since the effect has opposite signs for u and d quarks in 
( |63b| ), the overall effect gets diminished. For instance, taking the simplest picture of an hadron constituted only 
by valence quarks, we obtain for polarized left handed beams: 

Aa ep ^ 2Aa eu + Aa ed Aa Sp 



a „ - , )fT , r 0.3!) /.„(>•; —P ^0.5 L w (s) (64) 



' ep eu i ^ ea &ep 



This means that for hadron beams the relative effect is about one-half that for lepton beams in Eq.(]5 
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6.3 qq scattering 

In the qq case the overlap matrix Or contains, besides s- channel and t - channel contributions, also interference 
terms in the identical quarks case, and is characterized by the additional presence of QCD contributions, reguated 
by the strong coupling constant as(s), where s 3> M 2 denotes the hard process scale. 

In order to have a preliminary understanding, we neglect EW contributions to Oh, and we note that EW 
BN violating corrections are absent of course in the gluon-gluon scattering cases, but also in the gluon - quark 
case (see ( [45| ) and discussion thereafter). In the example of pure q^qh s-channel annihilation on the other hand, 
we expect the possibility of having big relative effects at the parton level, because of the hierarchy between o~±2 
and an. For instance, vanishes in the limit considered here, while is of order a"g, so that we obtain (in 
the LL case): 

f e-M-wM) (65) 
- e - 2L »'( s )^j (66) 

so that the corrections to, say, the cross section for ulUl is of the order of the cross section itself. However, one 
should be cautious here because the observable effect with hadron beams is not really large. Considering for 
instance the case of valence quarks in pp collisions we first take into account that BN violating effects involve 
only left particles, so that the unpolarized parton level cross sections are: 

/ 1 + e -2L w (s) X X 

°~uu = Odd = °~u L u L + VurUr = V U u I J 1" 2 J ( 67a ) 

a ud = °du = °u L d L = G uu ~ A ( 67b ) 



°~ULUL 


- a d L d L 


_ 1 H 

2 u L u L 


a u L d L 


= &d L UL 


_ 1 H 

2 ULUL 



Next, a further suppression of the effect comes about because of a partial cancellation between uu and ud 

| in a uu or dd configuration and | 



channels. In fact, since scattering occurs with probability | in a uu or dd configuration and | in a ud or du 



configuration, we obtain: 



-2i w ( s )_ 1 \ A l 



(7pp W -(Juu + Q<T u d = Vpp 2I) J > ~qFC * ~J^ Lw ^ ( 68 ) 

and about twice as much in the pure LL channel. Therefore, the relative effect is reduced to the one percent 
range at the TeV threshold. 



7 Outlook 

The outcome of this paper is that electroweak corrections become pretty large at the TeV scale, even for inclusive 
processes, because of uncancelled double logarithmic enhancements involving the effective coupling Lw{s)- This 
leads to a sort of early unification within the Standard Model itself, because strong and EW corrections are to 
be considered together much before the respective running couplings become comparable. 

From a theoretical point of view, the effect above is due to both the nonabelian nature of the SU(2) 
component of the standard model and to symmetry breaking itself, which allows the initial states to be prepared 
as abelian charges. It follows that all initial states carrying nontrivial weak isospin are affected by the uncancelled 
double logs. For initial fermions we find the following features: 

(i) Only left-handed doublets are affected. This means that the BN violating effect is strongly polarization 
dependent, and may lead to nontrivial angular dependence in some cases (Fig. [|). 

(ii) The effect is particularly important for purely leptonic beams, for which its size is directly provided by 
Lw(s), which is about 7 % at the TeV threshold. For instance, in the case of eje£ — > hadrons, despite some 
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reduction by exponentiation and running coupling effects, EW corrections are already 5.2 %, compared to 3 % 
strong corrections (Fig. |^). 

(iii)There is a composite state reduction of the effect for hadron beams, which act in the hard process 
as mixtures of partonic isospin states (recall that the effect vanishes for a mixture with equal weights). The 
suppression is of about 50 % in the Ip, Ip scattering processes considered in Sec. 6.2. It is even stronger for 
hadron-hadron beams, due to both initial isospin averaging and to QCD being flavor blind. Nevertheless, 
sizeable effects in the percent range are still expected in the pp case (Sec. 6.3). The more relevant pp case 
requires a detailed analysis, in which both structure functions and boson initiated processes will presumably 
play a role. 

Undoubtedly, quantitative estimates of the effects presented here are needed for the planning of future 
accelerators. This implies not only a more detailed analysis of Born cross sections, but also an extension to 
subleading corrections which is far from being trivial |5| . What we learn here is that even at inclusive level 
we need to revise the factorization theorems we are used to in QCD, in order to cope with fixed initial flavor 
and to disentangle the enhanced SM corrections from new physics. 
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Figure 1: Unitarity diagrams for (a) virtual and (b) real emission contributions to lowest order initial state 
interactions in the Feynman gauge. Sum over gauge bosons a= 7, Z, W and over permutations is understood. 
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Figure 2: Resummed double log EW corrections to e + e — ► hadrons and strong corrections (dashed line) up to 
3 loops. The dash-dotted line is for a LL polarized beam, while the continuos line is for an unpolarized beam. 
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Figure 3: Relative effects for O = ^(^e) and O = j^g(ue) at y/s = 1 TeV and ^ = 5 TeV 
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Figure 4: <j\2 and an as a function of energy. The vertical scale is arbitrary 
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Figure 6: Singlet and vector decomposition of the overlap matrix Oh in the t-channel. The adjoint coherent 
state dressing is depicted also 
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